The effects of large grazers (Daphnia) and nutrients (nitrogen and phosphorus) on epilimnetic ciliate communities were investigated in eight large in situ enclosures. Contrasts in Daphnia abundance were created by stocking planktivorous fish (Phoxinus eos) in four of the eight enclosures. Contrasts in nutrients were created by adding nitrate and phosphate to two enclosures with fish and to two enclosures without fish. Both the biomass and mean length of total zooplankton were significantly greater in the fish-free enclosures than in the enclosures with fish. Addition of nutrients and fish produced a four-fold variation in concentration of total epilimnetic phosphorus and six-fold variation in algal biomass (Chl a). Duphniu were virtually absent in the enclosures with fish. The abundance of ciliates was one to three orders of magnitude lower when Daphnia were abundant. Addition of nutrients did not increase ciliate abundance in enclosures with Daphnia, but ciliate mean lengths were larger in these enclosures. Ciliate abundance increased with increasing zooplankton biomass when Daphnia were lacking, but it declined rapidly when Daphnia were abundant, producing a hyperbolic pattern. When the data for all the treatments were considered together, there was no relationship between copepod biomass and ciliate abundance, but positive relationships, although not highly significant, cmcrged when the data for enclosures with and without fish were considered separately. Our results suggest that large grazers are the most important factor regulating ciliate communities as well as the responses of ciliates to nutrients and resources. Shifts of zooplankton from copepods to Daphnia dominance may result in large reductions in ciliate abundance, regardless of the trophic status of lake ecosystems.
might be expected to have a size refuge from Daphnia (Wickham and Gilbert 1993) . Therefore, we may expect to observe a dominance of small ciliates when Daphnia are absent and to observe a dominance of larger ciliates when Daphnia are abundant.
Nutrients, notably phosphorus, are another important factor that could directly or indirectly influence ciliate dynamics. In oligotrophic lakes, large algivorous oligotrichs have been found to dominate because there is not enough bacteria to maintain small bacterivorous ciliates (Fenchel 1980; Pace 1982) . Ciliate size tends to decrease with increasing lake trophic status (Beaver and Crisman 1982) possibly because bacteria becomes more abundant (Pace 1986) . A positive relationship between ciliate abundance and phosphorus has also been observed by Beaver and Crisman (1982) , but the relative contribution of ciliates to total planktonic biomass has been found to remain unchanged with lake trophy (Pace 1986 ).
Grazers and nutrients may have antagonistic effects on ciliates. Grazers have a negative impact on ciliate abundance (Gilbert 1989; Pace and Funke 199 1; Wickham and Gilbert 1991, 1993; Wiackowski et al. 1994 ) and promote a higher mean size, with small ciliates (<20 pm) being preyed upon preferentially to larger ciliates (Carrick et al. 1991; Jack and Gilbert 1993) . Increasing nutrients have been associated with an increase in ciliate abundance and a decrease in their mean size (Beaver and Crisman 1982; Pace 1986) . Although several previous studies have investigated the effects of nutrients and grazers on ciliate populations, only one study has emphasized both the individual and interactive effects of grazers and nutrients simultaneously (Pace and Funke 1991) . Using both grazers and nutrients as factors, Pace and Funke (1991) found that ciliate abundance was more strongly affected by grazers than by nutrients (Pace and Funke 1991) .
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However, the duration of this experiment was short (4 d) because of the small size of the enclosures used. While previous studies found both grazers and nutrients to affect ciliates, it is not clear how grazer impacts on ciliate abundance and mean length would vary under contrasting trophic conditions and how enrichment impacts would vary under contrasting grazer communities. In this paper, we present results for two consecutive growing seasons, demonstrating the individual and interactive impacts of grazers (induced by fish predation) and nutrients on the abundance and size distribution of ciliate communities.
More specifically, our objectives are to test (1) if high abundance of large Daphnia in the absence of planktivorous fish reduces ciliate abundance but increases their mean length; (2) if the addition of nutrients increases the abundance of ciliates and results in a shift to smaller ciliates; (3) if the effects of Daphnia on the abundance and mean length of ciliates are weaker with fertilization because increased resources may compensate for high grazing loss.
Materials and methods
Experiments using large in situ enclosures were conducted at the Station de Biologie des Laurentides de l'universitk de Montreal at Saint-Hippolyte, Qukbec. Eight enclosures (8 m diam, 11 m deep) were arranged in a 2 X 2 factorial design to test the individual and combined effects of grazers and nutrients on ciliates. We added nutrients (nitrogen and phosphorus) to simulate eutrophic condition (1 g P rnb2 yr-l, 13 g N m-* yr-I). Nutrients were added weekly from May through September of 199 1 and 1992. Zooplankton size was manipulated by adding planktivorous fish (Phoxinus eos, the northern redbelly date) biomass equivalent to 50 kg ha-l. There were four treatments: +N were the fertilized enclosures without planktivorous fish (presence of abundant large >l-mm Daphnia); +NF were the fertilized enclosures with planktivorous fish (absence of large > l-mm Daphnia); C, or control were the unfertilized enclosures without planktivorous fish; and +F were the unfertilized enclosures with planktivorous fish. Only one species of Daphnia was present (Daphnia middendo@ana).
We added the adult fish in June 1991. Fish length and wet weight were recorded. Because we used adult redbelly date (1.7 g fish l) we did not expect to observe high growth during our experiments, compared to the high growth rates of l+ yellow perch observed in earlier enclosure experiments in Lake St. George (Mazumder et al. 1992) . We were able to recapture over 75% of the redbelly date in September 1991. Between June and September, the mean length (mean + SD) increased from 5.13 ? 0.35 cm to 5.53 + 0.37 cm, but the mean wet weight remained unchanged. In May 1992, all the fish were captured and were replaced with the same density and biomass of fish as in 1991. Mean weight of overwintering fish declined from 1.69 to 1.26 g. During May through August 1992, the added fish increased their mean length from 5.17 to 5.48 cm, and again their mean weight did not increase. During both years the added fish spawned in the enclosures. monthly from the epilimnion using a tube sampler (6 cm diam). We preserved 250-500 ml of unfiltered water with 1% Lugol's iodine solution (see Carrick et al. 1991) . Ciliates were enumerated using Utermohl's method (Lund et al. 1958) . Two 40-ml subsamples from each sample were concentrated in settling chambers, and ciliates were counted and measured at a magnification of 200-400X with an inverted microscope. The mean size of ciliates was calculated by averaging the measurements of 10 individuals of each taxon for both subsamples, and data for the two subsamples were pooled together. Classification of ciliates was done more by shape than taxonomy because Lugol's solution tends to deform the cells and prevents the use of specific dyes required for finer identification. Cell size was not corrected for shrinkage, and therefore we did not attempt to convert abundance of ciliates to corresponding biomass. Total abundance of ciliates counted in two 40-ml subsamples was converted to numbers of ciliates per liter of epilimnetic water. Zooplankton were collected from discrete depths (1, 3, 5, 7, and 9 m) by using a 35-liter Schindler-Patalas trap with 40-pm-mesh Nitex screen, The size distribution and biomass of zooplankton were determined using an image analysis system. Tndividual lengths were converted to biomass using existing length-weight relationships (Downing and Rigler 1984) . Epilimnetic concentrations of phosphorus and chlorophyll were analyzed spectrophotometrically (Mazumder and Lean 1994) . Species composition, size distribution, and biomass of epilimnetic algae have been published elsewhere Larocque et al. 1996) . Seasonally, epilimnetic algal biomasses were 0.70, 1.36, 2.02, and 4.33 mg m-" in the control, + E +N, and + NF enclosures during 199 1, respectively. In 1992, the seasonal means were 0.95, 1.41, 1.99, and 4.18 mg m-* in the four treatments, respectively. On a seasonal average, the mean length of epilimnetic algae were 15, 7, 20, and 3 pm in control, +F, +N, and +NF enclosures, respectively, during 1991. The patterns of algal size distribution among treatments were similar during 1992. Seasonal means were analyzed using two-way ANOVA (using seasonal means) to determine the impacts of fish and nutrients and their interactions on ciliate abundance and mean length. Two-way repeated-measures ANOVA was used (using individual dates) to take into account the time as a factor. Regression analyses were done using seasonal means instead of individual dates because individual dates are highly autocorrelated, and also because the use of individual dates inflates the degree of freedom. Systat 5.0 was used for all statistical analyses.
Results
Water samples (O-3 m integrated sample) were collected Contrasts in nutrients, algal biomass, and grazers-The epilimnetic concentrations of phosphorus were on average four times greater in the fertilized than in the unfertilized enclosures (Fig. 1A ). There were no differences in the concentration of phosphorus between treatments with and with-* out fish for both fertilized and unfertilized treatments ( (+NF). The biomass and mean length of zooplankton (rotifers, copepods, and cladocerans) were significantly greater in the fish-free enclosures, both fertilized and unfertilized (Fig. lB, C) . Daphnia biomass was 100 times greater in the fish-free enclosures than in the fish enclosures (Fig. 1B) . Although the biomasses of both zooplankton and Daphnia were greater in the fertilized fish-free enclosures than in the unfertilized fish-free enclosures (Fig. lB, C) , the mean length of zooplankton and Daphnia did not increase with enrichment.
Ciliate abundance-Ciliates were more abundant in the unfertilized fishless (C) qnclosures than in the fertilized fishless (+N) enclosures. The fertilized enclosures with fish (+NF) had a similar ciliate abundance as in the unfertilized enclosures with fish (+F). When the Daphnia were abundant in the enclosures without fish, the addition of nutrients did not increase the number of ciliates ( Fig. 2A) . This pattern was consistent in 1991 and 1992, with a more pronounced pattern in 1992. In fact, the fertilized enclosures without fish (SN) had almost an order of magnitude fewer ciliates than the unfertilized enclosures without fish (C). On a seasonal average, ciliates were significantly more abundant in the fish enclosures lacking abundant Daphnia than in the fish-free enclosures (ANOVA, P = 0.043 in 1991, P = 0.003 in 1992) ( Fig. 2A ; Table 1 ). The addition of nutrients had a significant impact on ciliate abundance but only in the second year of the experiment (ANOVA, P = 0.103 in 1991 and P = 0.039 in 1992). The interaction between grazer and nutrients was not significant in 1991 (P = 0.164), but was marginally significant in 1992 (P = 0.053). Repeated-measures ANOVA with time as a factor indicated that the time effect on ciliate abundance could be considered marginally significant in 1991 (P = 0.068) but was highly significant in 1992 (P = 0.001). These analyses also indicated that neither time X grazer nor time X nutrient interactions was significant in 199 1, while these interactions could be considered marginally but not conclusively significant in 1992 (Table  1 ). The treatment impacts were much more pronounced in 1992 than in 1991. This might be because Lac Creche in which we installed the enclosures did not have an observable Daphnia population for at least a decade prior to our experiments (Station de biologie de Laurentides, Universite de Montreal, unpubl. data), and it took about 4 weeks following the removal of fish in the fishless enclosures for the Daphnia communities to become abundant (Mazumder and Lean 1994) . Consequently, the contrasting conditions of grazer communities were not achieved until the middle of growing season in 199 1. Daphnia communities developed during the summer of 1991 survived through winter months and, in the spring of 1992, the enclosures started with contrasting grazer communities (Mazumder and Lean unpubl. data) . This is probably why the interactions between grazers and nutrients were less significant in 199 1 than in 1992.
Ciliate size distribution-At the beginning of the experiment in June 199 1, ciliate mean length was around 23 2 3 pm for all the enclosures. After 1 month, mean length dropped to 16 pm in fertilized enclosures, while it increased to about 30 ,um in the unfertilized enclosures. Ciliate mean length started to increase rapidly in the fertilized fish enclosures lacking abundant Daphnia due to almost complete dominance of large (>40 pm) peritrichs, possibly Vorticella. Such a rapid increase in mean length was not observed in the fertilized fishless enclosures having abundant large Daphnia that were mostly dominated by oligotrichs (e.g. Strobilidium sp.). During the first year of the experiment, it took more than 2 months to observe a significant difference in ciliate mean length under contrasting conditions of fish and large grazers in the fertilized as well as in the unfertilized enclosures. The ciliates in the unfertilized fish enclosures had a 10% lower mean length than those in the unfertilized fishless enclosures (Fig. 2B) . On the other hand, the fertilized fish enclosures had a 20% greater mean length than the fertilized fish-free enclosures. Overall, the absence of planktivorous fish or the presence of abundant Daphnia was associated with larger ciliates in the unfertilized enclosures (C > +F) while it was associated with smaller ciliates in the fertilized enclosures (+NF > +N). These patterns were more obvious during the second year of our experiments (Fig. 2B) . This antagonistic effect of the nutrient addition on ciliate mean length may explain the nonsignificant impact of fish on ciliate size (Table 1 ). The largest ciliates were observed in the fertilized fish enclosures lacking abundant large Daphnia.
During 199 1 and 1992, the smallest size class of ciliates (<20 pm) had a similar relative contribution (50-60%) among the unfertilized enclosures with and without planktivorous fish as well as among the fertilized enclosures without planktivorous fish (Fig. 3) . In the fertilized enclosures with planktivorous fish (+NF), this <20-pm fraction contributed 35% and 15% to total abundance in 1991 and 1992, respectively. In these +NF enclosures, the 20-40-pm fraction contributed -70% to total abundance. Ciliates >40 pm were the least abundant in all the treatments during both years of our experiments. However, the ciliates >40 pm contributed more to total abundance during 1992 than in 1991.
Relationships between zooplankton and ciliates-Ciliate abundance increased with total zooplankton biomass among the fish enclosures lacking abundant Daphnia but declined rapidly with increasing total zooplankton biomass among the fish-free enclosures having abundant large Daphnia. Consequently, a negative hyperbolic relationship between total zooplankton biomass and ciliate abundance emerged, with a maximum ciliate abundance at a zooplankton biomass of 3 15 pg liter-l (Fig. 4A) . The Daphnia biomass was positively correlated with ciliate abundance in the enclosures with fish (+F and +NF) and it was negatively correlated with ciliate abundance in the enclosures without fish (C and +N). Consequently, a negative hyperbolic relationship similar to that between ciliate abundance and zooplankton biomass was observed (Fig. 4B) . Ciliate abundance increased slightly with increasing biomass of Daphnia but decreased rapidly as Daphnia biomass increased above 100 pg liter-l as observed in the fish-free enclosures having abundant Daphnia. Using the seasonal mean data for Calanoid, cyclopoid, or total copepod biomass and ciliate abundance for all the treatments together, no specific relationships were observed between ciliate abundance and copepod biomass (Fig. 5A-C) . When the fish and fishless enclosures were considered separately, there were positive correlations between copepods and ciliates. In addition, the relationships between copepod biomass and ciliate abundance were steeper among the enclosures without fish than in the enclosures with fish. However, none of the relationships were highly significant. Among the enclosures without fish, copepod biomass explained 19-45% of the variation in ciliate abundance while among the enclosures with fish copepods explained 19-26% of the variation.
Discussion
Large grazers and enrichment both affected the abundance and size distribution of epilimnetic ciliate communities. However, grazer impacts on ciliate abundance appeared to be more pronounced than did nutrient impacts. The abundance of ciliates was one to three orders of magnitude lower in the fishless enclosures having abundant Daphnia than in the fish enclosures lacking abundant Daphnia. The impacts of nutrient addition on the abundance and size distribution of ciliates seemed to be dependent on the composition of zooplankton communities produced by the contrasts in planktivorous fish predation.
Our observation of significantly lower abundances of ciliates in the enclosures having abundant Daphnia is consistent with other studies that have suggested that large grazers each of to have can have a significant negative impact on ciliate abundance (Gilbert 1989; Pace and Funke 1991; Wickham and Gilbert 1991, 1993; Wiackowski et al. 1994 ). The observed decrease in ciliate abundance could be due to direct predation by Daphnia (Tezuka 1974; Porter et al. 1979; Archbold and Berger 1985; Carrick et al. 1991; Wickham and Gilbert 1993) or due to interference (Gilbert 1989; Wickham and Gilbert 1993) . Daphnia biomass was twice as high in the fertilized enclosures without fish than in the unfertilized one. This could explain the lower abundance of ciliates in the fertilized enclosures having abundant large Daphnia than in the unfertilized enclosures having abundant large Daphnia. Pace and VaquC (1994) reported that large Daphnia had more impact on ciliate abundance than smaller Daphnia. Although both the biomass and mean length of Daphnia were greater in the fishless than fish enclosures, the biomass differences among enclosures with and without fish were stronger than the differences in mean length (Fig. lB, C) . Although our results tend to suggest that Daphnia biomass is the important factor in determining ciliate abundance, the importance of Daphnia size on ciliates may be important as well. Further investigations would be needed to determine the relative importance of Daphnia biomass versus size in regulating ciliate communities.
Based on the suggestions made by previous studies (Beaver and Crisman 1982; Pace 1986 ), we hypothesized that addition of nutrients would have a positive effect on ciliate abundance. The rationale for a positive impact of nutrients on ciliate abundance was that increasing concentration of nutrients is associated with an increasing concentration of bacteria and algae, potential food sources for ciliates. Our addition of nutrients increased both the concentration of nutrients, the biomasses of algae (Fig. lA) , and the abundance of auto-and heterotrophic picoplankton (Tzaras 1994) . Regardless of the increases in the food sources of ciliates, ciliate abundance did not increase accordingly. Contrary to our expectation as well as to the suggestions of previous studies, the lowest abundance of ciliates was observed in the fertilized enclosures without fish. On the other hand, the highest abundance of ciliates was observed in both treatments with fish where the biomass algae was also higher than the equivalent treatment without fish. We thought that enrichment would compensate for the higher ciliate losses due to grazing of Daphnia by increasing the ciliate's resources and growth rate. Therefore, our results would suggest that increase in nutrient loading can increase ciliate abundance only when large grazers are not abundant. These observations seem to indicate that the abundance of ciliates may not be a simple function of nutrient concentrations or biomass of algae. The mean size of grazers and algae may also be important. In the fertilized enclosures without fish, >80% of the algal biomass was due to Schroderia sp., which may be too large as food (mean length of 17-22 pm) for ciliates Larocque et al. 1996) . In the fertilized enclosures with fish, 85--90% of algal biomass was due to Scenedesmus sp. (mean length 5-7 pm) that may be more exploitable by the ciliates. In the fish enclosures, nutrient additions did not affect ciliate abundance but had a positive effect on their mean length. We suggest that models predicting ciliate abundance from nutrient concentrations or algal biomass may have more success if the biomass and size distribution of grazers and of algae were considered as covariates.
Daphnia's clearance rate is higher for ciliates <20 pm than for larger species (Carrick et al. 199 1; Jack and Gilbert 1993) . Our expectations were that large ciliates would have a size refuge from Daphnia and, therefore, would represent a larger portion of total ciliate abundance when large Daphnia were abundant, especially under fertilized conditions. Instead, ciliates <20 pm continued to dominate in both the fertilized and unfertilized enclosures having abundant large Daphnia. Except for the tintinnids, which were never abundant in our enclosures, ciliates do not have hard cell walls, spines, or other protruding appendages to prevent ingestion by Daphnia, nor do they have gelatinous sheaths nor cell walls resistant enough to survive gut passage unlike many phytoplankton species (Porter 1976) . Therefore, large ciliates could still be swept into Daphnia's branchial chamber and either be ingested or rejected, a process that could potentially damage ciliates as has been suggested by Gilbert (1989) . It is also possible that due to the slow growth rate of larger ciliates compared to that of the smaller ciliates (Fenchel 1980) , large ciliates could not produce a high density.
Probably the most interesting results emerging from this experiment are the negative hyperbolic relationships between both zooplankton and Daphnia biomass and ciliate abundance (Fig. 4A, B) . The slope of the relationship is positive when small grazers dominate and it is negative when large Daphnia dominate. A possible explanation could be a transition from the predation by copepods on ciliates to predation by large Daphnia. Copepods ingest ciliates (Korniyenko 1976; Archbold and Berger 1985; Stoecker and Egloff 1987; Nielsen and Kiorboe 1994; Wiackowski et al. 1994 ) and may control the ciliate population growth. We did not observe any relationship suggestive of copepod regulation of ciliate populations (Fig. 5) . At low zooplankton biomass, the dominant copepod communities do not seem to have a negative impact on ciliate abundance. As zooplankton biomass increased, the transition from copepods to Daphnia was associated with a negative impact on ciliate abundance. When Daphnia biomass was >lOO pg liter-', the ciliate abundances were low. We suggest that shifts of zooplankton from copepods to Daphnia may result in large reductions in ciliates, regardless of the trophic conditions of lakes.
In conclusion, abundant large Daphnia reduced ciliate abundance even under fertilized conditions. On the other hand, enrichment increased both ciliate abundance and mean length only when large grazers were removed by planktivorous fish. Ciliate abundance tends to increase with increasing zooplankton biomass among copepod-dominated enclosures but declines rapidly with increasing zooplankton biomass among Daphnia-dominant enclosures. Overall, the grazer community seems to be the most important factor affecting ciliate abundance and size distribution.
